An experiment was conducted to determine the impact of exogenous thyroid hormone on metamorphic events and morphogenesis of larval Japanese flounder Paralichthys olivaceus. Six groups of 600 larvae each were immersed in 10 nmol thyroxine-sodium salt (T 4 ) during different developmental stages: A and B, C and D, E and F, C to F, and A to F. T 4 treatment during stages E and F resulted in premature metamorphosis including not only advanced settlement but also advanced eye migration of the juvenile fish. T 4 treatments also resulted in rapid absorption of the dorsal fin rays during stages C to F. As a result, metamorphosis to the bottom juvenile was induced by 10 nmol T 4 . It was also found that the rate of metamorphosis was proportional to the T 4 immersion period. These results confirm that T 4 plays a major role in metamorphic events and morphogenesis during the early life stages of flounder. Thus, this study suggests that sensitivity to T 4 depends on the larval organ and the larval developmental stage.
INTRODUCTION
Japanese flounder is an important marine flatfish in Japan. About 25 million juveniles were released in coastal areas in 1997. However, a high frequency of a color abnormality and a skeletal deformity in the released fish has resulted in lower prices for the fish when they reached marketable sizes. These abnormalities have mainly occurred during the metamorphosis of larvae in seedling production.
In vertebrates, thyroid hormone is the main or even exclusive secretory product of the thyroid gland, and it is also under some hormonal control from the pituitary. The mode of hormonal action that directly affects the tissues during the developmental stages of amphibian metamorphosis has been intensively studied. [1] [2] [3] Although thyroid and other hormones are considered to have an important role in amphibian metamorphosis, thyroxine-sodium salt (T 4 ) and triiodothyronine (T 3 ) have been examined in fish during the early metamorphosis stages. [4] [5] [6] [7] [8] [9] [10] Since it is known that thyroid hormone plays a major role in morphological and functional remodeling of various organs 11, 12 during the metamorphosis in flatfish, [4] [5] [6] [7] red sea bream, 8 grouper, 9 and tilapia, 10 recent studies on flounder larvae have provided definitive evidence that the thyroid plays a major role in initiating early metamorphosis. 4, 13, 14 The active thyroid hormone regulates numerous metabolic events at the cellular level, including growth, differentiation, protein synthesis, and energy turnover. 15 Radioimmunoassay measurements of whole-body concentrations of thyroid hormones during the metamorphosis of flounder larvae have shown that there is a significant surge at the metamorphosis climax. 6, 16 The associated metamorphic changes induced a dramatic shortening of the elongated dorsal fin rays, a translocation of the right eye to the left side of the body, as well as behavioral changes form the pelagic to benthic type. 17 The metamorphic events of flounder larvae are dependent upon the dose of thyroid hormones, particularly the eye migration and absorption of dorsal fin ray. 4, 11, 14 It has been shown that the pituitary-thyroid axis plays the primary role in flounder metamorphosis. In the present experiment, the sensitivity of different organs of
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Sensitivity of the metamorphic events and morphogenesis of Japanese flounder Paralichthys olivaceus during larval development to thyroxine CF and AF, where the first and last letters in the group name indicate the stages at which treatment began and ended, respectively.
Morphological measurements
Twenty larvae per tank were sampled at the last stage of treatment, corresponding to 10, 15, 20 and 30 days of culture. The larvae were anesthetized with 20 ppm 3-aminobenzoic acid ethyl ester (MS-222) and fixed in 5% formalin solution to measure total length, body length, length of third dorsal fin ray, and the stage of eye migration. The length of the third dorsal fin ray (expressed as a percentage of the body length) was used to describe the rate of absorption of the dorsal fin rays. The stage of eye migration was estimated by observation of the fish under a dissection microscope using the descriptions provided by Miwa et al. 6 The stages were as follows: (0) both eyes situated completely symmetrically, (1) the right eye has begun to move, (2) the right eye has moved further although both eyes are seen one over the other, (3) the eyes are seen separately, (4) the right eye has crossed the mid-sagittal line and both eyes are situated on the left side of the body.
Fish settlement at the bottom was counted 1 h after feeding. The tank was divided into three sections using two boards, and fish were visually counted three times. Two types of settlement were considered: non-settled fish were those that were swimming freely or showing settling tendencies, while settled fish induced those definitely settled on the bottom or side wall of the tank.
Statistical analysis
All the data are presented as mean ± SE. Analysis of variance (anova) was applied to determine if there was a significant difference (P < 0.05 and P < 0.01) among the groups. Tukey's multiple test was applied to compare the difference between the mean of each measurement.
RESULTS

Metamorphic pattern
The developmental patterns were examined in each group corresponding to different developmental stages (groups AB, CD, EF, CF and AF), and no differences in development were observed among the different groups at 15, 20 and 30 dph. Figure 2a ,b shows the metamorphic pattern of 20 dph fish in the control group and in the treated group at stages E and F. Hormonal treatment for only 5 days induced a dramatic acceleration in metamorphosis with respect to movement of the right eye and absorption of the elongated dorsal fin rays. However, flounder to T 4 was assessed to gauge the impact on metamorphic events and morphogenesis during the larval stages.
MATERIALS AND METHODS
Experimental animals and experimental design
Fertilized eggs of Japanese flounder were obtained from broodstock reared at the Fisheries Research Station, Kyoto University. Newly hatched larvae were reared in a 500 L polycarbonate tank at 16 to 18°C. Rearing conditions during the experiment were as follows: 18 ± 0.5°C (in a water bath), 500 ± 300 lux illumination with fluorescent light (at surface level) using a 12:12 (L:D) photoperiod and a daily replacement of the rearing water (between 50 and 100%). We attempted to keep the T 4 concentrations at a constant level with water changes.
The larvae were fed S-type rotifers Brachionus rotundiformis from 3 to 20 days post-hatching (dph), and Artemia nauplii (Utah strain) from 11 until 40 dph. Rotifer and Artemia nauplii were enriched with DOCOSA-EM (containing over 50% docosahexaenoic acid; Harima Chemical Co. Ltd., Tsukuba, Japan) by adding 2 mL of the enrichment solution to 100 L of the rotifer culture medium (250 individuals/mL) and 5 mL to 100 L of the Artemia culture medium (100 individuals/mL) at 20°C.
One day after hatching, seven groups of 600 larvae were stocked in 30 L transparent tanks. T 4 -sodium salt (Sigma-Aldrich Japan K.K., Tokyo, Japan) was dissolved in dimethyl sulfoxide at a concentration of 10 mg/mL and frozen at -40°C. When needed, the T 4 solution was thawed and added to seawater to make 10 nmol/L for the different stages of development (A to E) as classified by Minami. 17 The periods examined were from stages A and B, C and D, E and F, C to F, and A to F as shown in Fig.  1 . The experimental groups were designated AB, CD, EF, there were no significant differences in total length or the development of the caudal fin between the treated and the control fish (P < 0.01). Figure 3 shows the effect of T 4 treatment on the absorption pattern of dorsal fin rays during different stages. No differences were found among the experimental groups at 15 or 30 dph. However, for absorption rates of larvae at 20 dph, there were some significant differences among the groups (AF = CF > EF > CD > AB = control, P < 0.01). Absorption of the dorsal fin rays began in the CD group, but sensibility was higher in the EF group. However, it was more sensitive in the stage C to F. Therefore, since the absorption was accelerated in the AF and CF groups, the T 4 treatment was more effective in E and F stages. In contrast, the T 4 treatment did not have any effect on the AB group. Figure 4 shows the effect of T 4 treatment on the eye migration patterns of larvae during different stages. No difference was observed between the experimental groups at 15 dph or 30 dph. At 20 dph, however, the fish belonging to the control, AB and CD groups were at stage 1 of eye migration, whereas fish from the EF group were at stage 2 and fish from the CF and AF groups were already at stages 3 and 4 (AF = CF > EF > CD = AB = control, P < 0.01). The eye migration of these groups including the E and F stages was accelerated by T 4 treatment. In contrast, eye migration in the AB and CD groups was not significantly influenced when compared with the control group. Figure 5 shows the settling rates of each experimental group. About 30% of the fish in each of the control, AB period (Fig. 5) . However, in the AB group, this effect of T 4 was not observed. These results suggested a functional relationship among the metamorphosis mechanisms involved in eye migration, absorption of the dorsal fin and settlement. Also, the morphogenesis of the right eye and dorsal fin were accelerated in proportion to the immersion periods, although stages A and B showed no reaction to T 4 treatment.
Absorption of dorsal fin rays
Eye migration
Settlement
Yamano and Miwa 19 reported that considerable amounts of mRNA for thyroid receptors were found in the early stages of larval development, and mRNA levels were maintained until prometamorphosis (the G stage). Subsequently (i.e. starting at the G stage) the development of the eye, dorsal fin rays, gastric gland and the like in the flounder was controlled by thyroid hormones at the receptor level and by the differential expression of thyroid receptors. Therefore, the development of each organ might be closely related to the operation of thyroid hormone receptors.
It is well known that settlement and early larval development are influenced by thyroid hormones. 14, 20 According to the results of the present study, exogenous application of 10 nmol T 4 in the rearing tank during stages E to F accelerated the eye migration and settlement. However, dorsal fin ray absorption was induced in stages C to F. These differences were probably due to differences in thyroid receptor activation in different tissues and at different stages.
These results confirm that T 4 plays a major role in metamorphic events and morphogenesis during the early life stages of flounder, the extent of which depends on the larval organ and the larval developmental stage.
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and CD groups had settled on the bottom at 23 dph, whereas 62.4% of the fish in the EF group, and 90% of the fish in the CF and AF groups had already settled (AF = CF > EF > CD = AB = control, P < 0.05).
DISCUSSION
The effect of T 4 on the metamorphosis of flounder that we observed in this study was similar to those reported previously. 4, 6, 9 In this contribution we were able to determine the sensitivity of different stages of development to T 4 .
The dorsal fin rays of flounder grow continuously from premetamorphic stages to the end of metamorphosis, reaching their maximum length when T 4 becomes detectable (stage G), and are rapidly absorbed during the climax of metamorphosis. The complete absorption of the dorsal fin rays marks the end of metamorphic climax. 6 The absorption of the dorsal fin rays and eye migration of flounder larvae are induced by T 4 treatment. The sensitivity of all groups (corresponding to different developmental stages) to T 4 examined in this study was dependent upon the duration of treatment. Similar observations have been reported for eye migration and absorption of dorsal fin rays. 6, 9 The settlement to the benthos stems primarily from T 4 -induced changes in morphology and behavior. 18 The absorption of dorsal fin rays in the different treatment groups (corresponding to different developmental stages) was promoted in the order AF = CF > EF > CD > AB = control. These data show that the absorption of dorsal fin rays is proportional to the immersion period in stages C to F (Fig. 3) . However, it was observed that the pattern of the absorption was restrained in some treatment stages, particularly in stages E and F. The timing of eye migration was similar to the timing of dorsal fin absorption. Eye migration was accelerated in proportion to the period of immersion in T 4 at stages E and F (Fig. 4) . Again for the same stages settlement was promoted by T 4 , and was proportional to the immersion 
